Abstract-Micrometer-sized hollow antiresonant reflecting optical waveguides on silicon substrates have been previously demonstrated with liquid and gas-filled cores. Previous designs have nonideal geometries, with nonuniform lateral layers around the hollow core, resulting in higher loss than could potentially be achieved. A new design and fabrication process has been developed involving hollow waveguide fabrication on a self-aligned pedestal (SAP) using anisotropic plasma etching. With the SAP structure, the hollow core is surrounded by uniform layers and a terminal layer of air on three sides, resulting in air-core waveguide loss of 1.54 cm 1 at 785 nm and high fabrication yield.
I. INTRODUCTION

H
OLLOW optical waveguides enable waveguiding in low-index media and direct light interaction with a variety of nonsolid media. Many applications in biology, chemistry, and atomic physics can benefit from this capability. Two methods of realizing hollow waveguides are commonly used: index guiding and interference guiding. As with traditional optical waveguides, index-guiding hollow waveguides rely on total internal reflection and require the cladding to have a lower refractive index than the core. Consequently, index-guiding hollow waveguides have been limited to liquid media and use low-index cladding materials such as nanoporous films [1] or Teflon AF [2] . Interference-guiding allows for waveguiding in both gas and liquid-filled cores, relying on optical interference to confine light to the low-index core. Some types of hollow waveguides created using interference-guiding are photonic crystals [3] , Bragg waveguides [4] , and antiresonant reflecting optical waveguides (ARROWs) [5] , [6] .
ARROW waveguides rely on one or more antiresonant layers surrounding a guiding core [7] . The thickness of each layer is chosen such that the layer functions as a reflecting Fabry-Pérot etalon, allowing for low-loss optical guiding along the core. We have developed ARROW waveguides with micrometer-sized hollow cores and have integrated hollow and traditional solid waveguides to form sensor platforms. These platforms have been used for many applications with both liquid and air-filled cores, including optical trapping [8] , virus detection [9] , and on-chip Rubidium spectroscopy [10] .
Our ARROW waveguides are fabricated on Si substrates and use standard processing techniques, including plasma-enhanced chemical vapor deposition (PECVD), contact lithography, and sacrificial etching. Hollow ARROWs demonstrated in the past were fabricated on planar [5] or pre-etched substrates [11] , and structures were nonideal for lowest loss. In this letter, we present a new fabrication method for hollow-core ARROWs, using a self-aligned pedestal (SAP) to create near-ideal hollow-core geometries with lower waveguide loss and high fabrication yield.
II. LOW-LOSS ARROW DESIGN
The first hollow ARROWs were fabricated on a planar substrate, as shown in Fig. 1(a) . While ARROWs are inherently leaky waveguides, this design is particularly leaky because horizontal layers extend laterally from the hollow core. Light leaks out of the sides of the hollow core and into these horizontal cladding layers, resulting in high loss. Also, the PECVD layers do not uniformly coat the rectangular waveguide core, and the top of the core is coated more thickly than the sides. This leads to a shadowing effect for film deposition on the sides of the core, with the vertical cladding layers slightly thinner at the bottom than at the top. These nonuniform lateral layers also contribute to higher loss.
One approach to increase light confinement and decrease loss in ARROWs is to surround the guiding core on three sides with a terminal layer of air [11] . To achieve this air-clad structure, we investigated a second ARROW design which consists of creating hollow waveguides on top of a pre-etched substrate, as depicted in Fig. 1(b) . This air-clad structure increases light confinement in the core and results in lower loss than achieved with the first ARROW design. With this second design, it is necessary to create a pedestal on the substrate which is wider than the core to allow for alignment variations when the core is defined. In practice, any misalignment results in a noncentered core, which increases loss. The wider pedestal creates nonuniform layers on the sides of the core, which also increases loss. Another drawback with this structure is reduced fabrication yield, which occurs because of weakness in the films on the sides of the core where breakage can occur during sacrificial core removal.
Ideally, the hollow ARROW core would have uniform surrounding layers and a terminal layer of air on three sides. This third-generation ARROW design relies on an SAP to create the desired geometry. Since the width of the underlying pedestal is defined by the sacrificial core, no alignment step is necessary. The uniform layers on the sides of the core would reduce loss and increase the strength of the structure, resulting in higher yield.
III. FABRICATION
In order to fabricate SAP ARROWs, a process based on anisotropic plasma etching was chosen and is depicted in Fig. 2 . The rest of the fabrication process is similar to that for ARROWs on planar substrates, based on PECVD and sacrificial etching [5] . First, layers of silicon dioxide SiO and silicon nitride (SiN) are deposited by PECVD on a Si substrate at 250 C [see Fig. 2(a) ]. These layers are deposited with controlled refractive indexes and precise thicknesses so that each layer satisfies the antiresonant condition [7] . Next, the SU-8 sacrificial layer is deposited and patterned into the core shape by photolithography. After this, the SAP is created by anisotropic plasma etching, using a Minilock Phantom III Reactive Ion Etcher (RIE) with an inductively coupled plasma (ICP) RF generator (Trion Technology). Selective etching is required so that the SU-8 core is not removed while etching through 1-1.5 m of PECVD SiO and SiN layers and 4-5 m of the Si substrate to form the pedestal. We have developed separate etch recipes for etching the PECVD layers and the Si substrate, as shown in Table I . Etching of the PECVD The CHF in the etching recipes provides sidewall passivation and increases the anisotropy of the etch. During etching, a fluorocarbon passivation film is deposited isotropically on the surface. Ion bombardment keeps horizontal surfaces clear of the film, while the film accumulates on and protects vertical surfaces. After etching is completed, the accumulated passivation film, commonly called post-etch residue, remains on the sides of the pedestal and the sacrificial core, and must be removed prior to deposition of the top antiresonant layers.
Various approaches have been used to remove this etch residue, including O and H plasmas, hydroxylamine, super-critical CO SCCO [12] , and radical anions [13] . We developed a cleaning procedure using a mixture of H O and the resist remover RS-6 (Cyantek Corp.), which contains tetramethylammonium hydroxide (TMAH). To remove the etch residue, our samples are immersed in the mixture (1 : 10 50% H O RS ) at 40 C for 5 min and then rinsed in deionized water. This cleaning process is performed after the SiO -SiN etch and again after the Si etching and effectively removes the etch residue without damaging the SU-8 core.
Another common problem encountered with anisotropic etching is the formation of etch grass. This occurs when surface defects and contamination function as micromasks and lead to the formation of small pillars, known as grass, on the etched surface. This issue can be particularly severe in our SAP etching, as the PECVD layers contain many defects which can function as micromasks [14] . To remove this etch grass, we employ an isotropic Si etch at the end of the pedestal etching. This etch attacks the sides of the grass and etches away the Si base to the point that the grass collapses, so it can be later rinsed away.
After the pedestal etching is completed and the etch residue and grass are removed, the top antiresonant layers are deposited by PECVD [see Fig. 2(c)] . Finally, the ends of the sacrificial core are exposed, either by cleaving the wafer or by plasma etching, and the core is removed in a piranha etch (1 : 1 50% H O : 98% H SO , 100 C), completing the hollow waveguide, as depicted in Fig. 2(d) . Fig. 3 shows an SEM image of a completed hollow SAP ARROW with nearly ideal geometry. Compared to the second ARROW design [see Fig. 1(b) ], we see that the layers on the sides of the core are uniform, which is expected to decrease waveguide loss and increase yield with SAP ARROWs.
IV. EXPERIMENTAL RESULTS
In order to characterize the waveguide loss of this new structure, we created straight SAP ARROWs with cores 5.8 m tall and 9, 12, and 15 m wide. The dielectric layer thicknesses were optimized for air cores at 785 nm, and the target thicknesses were (starting from the substrate-all values in nanometers): SiO --SiO --SiOcore -SiO --SiO --SiO (150/ /165/ /190/ 5800 /324/ /284/ /4010). These layer thicknesses differ from those predicted by the antiresonant condition for one-dimensional confinement (SiN, nm, SiO , nm), since this design has been optimized for this particular structure and additional fabrication considerations (see [11] ). Fabrication yield with the SAP ARROWs was very good, with over 90% of channels intact for waveguides up to 15 mm long for all three widths.
Previously, the lowest loss for air-core hollow ARROWs at 785 nm was achieved using the pre-etched pedestal design and was 2.6 cm for a m hollow core [11] . To characterize the air-core loss for SAP ARROWs, the standard cutback method was used with light at 785 nm. Average losses were determined to be 3.31, 2.19, and 1.54 cm for 9-, 12-, and 15-m-wide waveguides, respectively. Losses for the two designs are shown in Fig. 4 , and we see that losses for air-cores at 785 nm are greatly reduced for the SAP ARROWs for all three waveguide widths.
In conclusion, we have presented a new SAP design and fabrication method for hollow ARROW waveguides that produces nearly ideal hollow-core geometries. Air-core devices fabricated with this new process have record-low losses at 785 nm and over 90% fabrication yield. For our current integrated ARROW platforms with 4-mm-long hollow waveguides, light transmission should be improved by more than two times with the SAP ARROWs, which will increase sensitivity and performance of ARROW-based sensing and spectroscopy devices.
